Mucormycosis is a life-threatening disease requiring multimodal treatment with antifungals and surgery. The mortality rate remains high, prompting consideration of alternative treatment strategies. Deferiprone has in vitro activity against Mucorales, but its efficacy has never been evaluated in humans. Here, we retrospectively analyzed patients with confirmed mucormycosis who received deferiprone from 2011 to 2017. Five patients had hematologic malignancies and one was diabetic. The sites of infection included sinus-orbit-cerebral (67%), lung (17%), and disseminated infection (17%). Surgery was performed in 83% of cases and achieved local control for 33% of patients. A combination regimen of polyenes plus echinocandins was administered with stepdown treatment using posaconazole. The median duration of antifungal treatment was 86 days (range: 46-435 days) days. Deferiprone was given as adjunctive treatment with a median dose and duration of 100 mg/kd/day (range: 86.2-100 mg/kg/day) and 25 days (range: 15-215 days), respectively. Overall, deferiprone was well-tolerated. Successful outcomes were observed at 12-week follow-up for 67% of patients. The mortality rate at 180-day follow-up was 50%. Adjunctive therapy with deferiprone showed safety and tolerability.
Introduction
Mucormycosis is a rare life-threatening mold infection. 1 Risk factors for invasive mucormycosis (IM) include neutropenia, active hematologic malignancy (especially relapsed leukemia), treatment with highdose corticosteroids, diabetes mellitus (DM) and/or ketoacidosis, transfusion-associated iron overload, and transplantation. 1 Delays in effective treatment result in increased morbidity and mortality due to the aggressive nature of the infection. 2 The burden of disease and the cost of treatment is high. 3 Effective antifungal treatments include amphotericin B-based regimens (lipid formulations of amphotericin B, LAmB or the less-effective amphotericin B deoxycholate, D-AmB), posaconazole, and isavuconazole. 4 Surgery has a role in both diagnosis and therapy to allow better penetration of antifungals to the site of infection. 4 Surgical debridement is recommended in order to cure localized disease and increase survival rates. 1 Reversal of the underlying predisposing factors such as neutropenia, hyperglycemia and acidosis is important for clinical outcome. 1 Treatment outcomes remain unsatisfactory even for patients treated with antifungals and surgery. 1 Most infections occur among patient with hematologic malignancies during neutropenia or relapsed disease. 1 Transfusionassociated iron overload is frequent among patients with leukemia. 5 Iron overload plays an important role in the growth and virulence of Mucorales. 6 Iron chelators have complex interactions with Mucorales: for instance, deferoxamine serves as a siderophore, delivering free iron to support growth of Mucorales, which explains the increased incidence of mucormycosis in patients treated with this drug. 6 By contrast, deferiprone (DEF) or deferasirox do not supply free iron for the fungus and have fungicidal activity against Mucorales. 6 Iron deprivation using either deferasirox or DEF showed promising results in an animal model of IM. [7] [8] [9] Specifically, DEF (100 mg/kg every other day) showed efficacy equivalent to L-AmB in improving survival of diabetic ketoacidotic mice compared with placebo. 7 Successful outcomes of deferasirox treatment were first reported in a diabetic patient with refractory rhinocerebral mucormycosis: after failing an 8-month course of L-AmB; a 7-day course of deferasirox significantly improved cerebellar disease. 10 Data from an open-label study of deferasirox used as adjunctive treatment (n=8) with a median duration of 14 days (range: 7-21 days) showed a promising safety profile and favorable outcomes among diabetic patients and transplant recipients; however, none of these patients were neutropenic. 11 The results of a randomized controlled trial of deferasirox used as adjunctive therapy for IM (DEFEAT trial) (n=11) revealed higher mortality in deferasirox-treated patients compared with placebo (n=9). 12 There are several plausible explanations for this result. Firstly, the preclinical data for deferasirox were generated in diabetic ketoacidosis models of disseminated mucormycosis, and the efficacy of iron chelation is less well established in preclinical compared with neutropenic models of mucormycosis. Secondly, the duration of treatment was short, with only one third of patients completing 14 days of therapy. In our opinion, a 14-day course of deferasirox may be too short to demonstrate efficacy and contribute to favorable clinical outcomes in IM. Thirdly, a majority of patients with pulmonary infection were randomized to the deferasirox arm; this condition is associated with higher mortality than rhinocerebral mucormycosis. 2, [12] [13] [14] [15] [16] By contrast, an open-label study from India (n=7) evaluated the use of adjunctive deferasirox in patients with IM (mainly rhinocerebral mucormycosis) in whom adequate surgical debridement was not feasible; all patients survived and tolerated the medication well. 17 However, the individuals studied did not include patients with hematologic malignancies, transplant recipients, neutropenic patients, or patients with pulmonary disease. 17 Since these studies, none of the iron chelators have been evaluated in clinical studies; given the rarity of IM, another randomized control trial is likely to be difficult to conduct. 18 At our center, treatment options at the time of the study were limited since new antifungals such as intravenous posaconazole or isavuconazole were not available. DEF had not previously been evaluated for treatment of IM in humans. We postulate that adjunctive DEF treatment may be beneficial for the treatment of IM based on preclinical data. The treatment effect of individual iron chelators may be different. Long-term use of DEF was welltolerated in thalassemic patients. 19 DEF was approved for the treatment of iron overload in Asia, Europe and United States. 20 Side effects included transient liver dysfunction, gastrointestinal discomfort, and arthralgia, although none of the patients discontinued therapy. 19 Long-term use of high-dose DEF (100 mg/kg/day for 2 years) showed higher efficacy in reduction of iron overload without increased toxicity. 19 In this study, we retrospectively evaluated the safety and tolerability of DEF used as adjunctive treatment for IM.
Materials and Methods
We retrospectively reviewed medical records of patients with IM who received DEF between January 2011 and December 2017 at our center. All patients had pathology-confirmed IM in accordance with EORTC/MSG criteria. 21 All patients who received DEF for more than 7 days were included in the study. Patient demographics, underlying diseases, clinical manifestations, and laboratory data were collected. Treatment data, including type of surgery, type and duration of antifungal treatment, and clinical outcome were collected. Treatment response was evaluated at 12-week follow-up using EORTC/MSG criteria, as well as at the end of the study period. 22 The reasons for DEF discontinuation were collected. Assessment of potential adverse effects during DEF treatment was based on the cancer therapy evaluation program using common terminology criteria for adverse events (CTCAE) version 5.0. Adverse events were graded from 0 to 4 (e.g., grade 2 for aspartate aminotransferase (AST, U/L) and alanine aminotransferase (ALT, U/L) levels >3.0-5.0× upper limit of normal (ULN); and for alkaline phosphatase (ALP, U/L) and gamma glutamyltransferase (GGT, U/l) levels >2.5-5.0×ULN).
Neutropenia was defined as white blood cell counts <1000 cells/mm 3 . Thrombocytopenia was defined as <20,000 platelets/mm 3 .
Our institutional ethics committee approved this study (no. 01-61-39). All procedures performed in studies involving human participants met the ethical standards set out by institutional and national research guidelines and were in accordance with the 1964 Helsinki declaration and its later amendments. For this retrospective study, formal informed consent was not required.
Results
Six patients were included in the study; of whom four (67%) were female. Baseline characteristics, underlying diseases, clinical presentations and clinical outcomes are shown in Tables 1 and 2 . None of the patients with hematologic malignancies had a history of hyperglycemia or acidosis. Four patients had relapsed hematologic malignancies (duration: 2, 2, 10, and 11 years) and had previously received multiple blood transfusions. In the two patients in which they were measured, ferritin levels were 2419 ng/mL and 5074 ng/mL. Among patients with hematologic malignancies (n=5), 80% were neutropenic for a duration of 6-26 days prior to diagnosis. Only one patient had irreversible neutropenia for a duration of 56 days after diagnosis due to myelodysplasia. The sites of infection included sinus-orbit-cerebral (67%), lung (17%), and disseminated infection (17%) in a patient with pneumonia. All patients with hematologic malignancies were treated with preemptive antifungals with a median duration of 9 days (range: 3-31 days) prior to receiving a proven diagnosis of IM. Effective antifungals were given within 3-5 days after the onset of symptoms; the reasons for this delay were varied, including infections that occurred on an outpatient basis (n=2), those coincident with bacteremia (n=2), those coincident with Aspergillus spp. infection (n=1), and undiagnosed infection before surgery (n=1). Details of antifungal treatment history are described in Table 2 . All patients received AmB as the first-line regimen. DAmB was initially given for patients without renal dysfunction due to financial reasons. The dose of D-AmB ranged from 1-1.5 mg/kg/day and that of L-AmB ranged from 5-10 mg/kg/day. Only one patient with rhinocerebral mucormycosis and carotid arteritis received high-dose L-AmB (10 mg/kg/day) for 41 days in combination with DEF.
Step-down posaconazole was given on an outpatient basis to four patients. One diabetic patient failed oral posaconazole therapy despite adequate therapeutic plasma levels of 4.26 ng/mL. The Mucorales species causing the infection was identified in four patients and included Rhizopus spp. Cunningham-mella spp.,
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Def (43)
Cunninghamella spp.,
Total (46) and Aspergillus spp.
Y, year; wk, week; M, male; CNS, central nervous system; PCD, post chemotherapy day; D-AmB, amphotericin B deoxycholate; L-AmB, liposomal amphotericin B; Caspo, caspofungin; Def, deferiprone; posa, posaconazole; Rx, treatment; F/U, follow-up; F, female; AML, acute myeloid leukemia; Rt, right; GI GVHD, gastrointestinal graft versus host disease; DM, diabetes mellitus; HT, hypertension; CKD, chronic kidney disease; spp., species; CML, chronic myeloid leukemia; Lt, left; MDS, myelodysplastic syndrome. *Renal failure, ¶ change of the responsible physician, rapidly progressing disease, acute pancreatitis, £ iron overload.
(n=1), Rhizomucor spp. (n=2), and Cunninghamella spp. (n=1). In vitro susceptibility data was not available for the isolates. Most patients underwent surgery (83%), the details of which are shown in Table 2 . The time elapsed from initiation of antifungal treatment to surgery ranged from 2-31 days. Local control was achieved in 33% of patients with confined pulmonary disease or sinus infection after radical surgery. All patients with sinus infection underwent repeated radical debridements which caused significant morbidity, including blindness due to enucleation and optic neuritis (n=2) and disfigurement due to palatectomy and extensive surgery (n=2). Three patients had residual localized disease after surgery (cavernous sinus thrombosis with carotid arteritis, cranial osteomyelitis and dural involvement, pansinusitis and deep neck phlegmon). Antifungal treatments received before initiation of DEF included monotherapy using AmB-based regimens (67%), voriconazole (17%), and caspofungin combined with posaconazole (17%). The details of these treatments are described in Table 2 . DEF was given as adjunctive first-line therapy of IM in five patients due to rapidly progressing disease, despite treatment with a combination of antifungals and/or surgery, and as salvage therapy in one patient. None of the patients received iron chelators at the time of diagnosis. The dose of DEF was modified to suit an alternate day regimen for improved tolerability in two patients after 7 and 27 days of daily treatment, respectively. Treatment with DEF was continued for more than 30 days for refractory IM and iron overload. Ferritin levels in two patients decreased after treatment with DEF. Laboratory data are shown in Table 3 . Potential adverse events defined using CTCAE criteria are shown in Table 4 . Grade 2 liver parameter abnormalities (excluding ALT) occurred in two patients (33%), which led to discontinuation of DEF. One patient had comorbid pancreatic cancer and gallstone pancreatitis. One patient developed acute pancreatitis (mild) relating to high-dose L-AmB (10 mg/kg/day) which led to temporary discontinuation of L-AmB and DEF. DEF was reinitiated one month later due to iron overload, with a reduced dose on an alternate day regimen to reduce nausea. The patient continued to receive medication for 139 days without any further adverse events. Grade 3 elevated serum creatinine levels were observed in three patients (50%) and were attributed to DAmB toxicity and tumor lysis syndrome. None of the patients developed rashes. The reasons for drug discontinuation were surgical cure of disease (n=2), medical cure, gastrointestinal intolerance (nausea and liver dysfunction), and death due to IM (n=2). DEF was discontinued after radical debridement in four patients who showed clinical improvements. The overall success rate evaluated at week 12 of follow-up was 67%. Two patients achieved a successful clinical outcome by surgical resection of Table  2 .
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Discussion
Our study showed preliminary safety and tolerability data of adjunctive DEF for treatment of mucormycosis in conjunction with antifungals and surgery. DEF was initiated as adjunctive treatment for IM based on its preclinical efficacy against Mucorales 7 and treatment of presumed transfusion-induced iron overload among patients with relapse hematologic malignancies. Ferritin levels were not measured in all patients given that its measurement and interpretation may be difficult during active inflammation. DEF was also administered to a diabetic patient who failed to respond to combined antifungals and surgery based on the clinical efficacy of deferasirox in diabetic patients. 11 Success outcomes at 12-week follow-up, as determined by EORTC/MSG criteria, were achieved in four patients. 22 Death occurred in two patients with unfavorable risk factors including relapsed hematologic malignancy, cytopenia, hypoalbuminemia, and infection with Cunninghamella spp. which is more resistance to antifungals. 13, [23] [24] [25] The mortality rate in our study was lower than previous studies for multiple potential reasons. [12] [13] 26, 27 Firstly, most patients with sinus disease underwent repeated wide surgical debridements to achieve local control, which is associated with survival benefit. 28 Secondly, most patients had localized IM and reversible neutropenia, both of which are associated with better outcomes. 2, 29 Thirdly, preemptive therapy with AmB was given to patients with hematologic malignancies within 5 days of admission, which associated with lower mortality rate. 2 Fourthly, combination therapy withm AmB plus echinocandin was administered, which has been associated with improved outcomes in rhinocerebral mucormycosis. 30 However, the conflicting data from recent analyses did not achieve statistical significance. 29 Treatment-emergent adverse events were reported in 50% of the patients. The most common adverse events were nausea, vomiting, and hepatobiliary tract disorders. Drug-related adverse events were reported in 33% of patients and were reversible with drug discontinuation. Our study had several limitations; as a single-center retrospective case series examining a small number of patients due to rarity of the disease, recruiting a control group to conduct a case-control study was not feasible. A previous multicenter randomized control trial (DEFEAT trial) involved only 20 patients, 11 of whom were randomized to the iron chelator arm. 12 Our study did not include transplant recipient, immunosuppressed or critical care patient. Another potential limitation was the limited number of sites of infection and infecting species of Mucorales observed here, and the generalizability of our results to other settings is unknown. Several other confounding factors, including antifungals regimen and timing and impact of surgery, may have contributed to the success outcomes in our study. Future case-control or prospective studies as multicenter collaborations to reach larger sample sizes should be conducted in order determine the efficacy of iron chelators in IM. 18 
Conclusions
Mucormycosis is a life-threatening disease with rapid progression among immunosuppressed patients. Early diagnosis and prompt treatment with Mucoralesactive antifungals and surgery to achieve local control remain the primary treatment for the disease. In real-life experience, adjunctive treatment with DEF showed safety and tolerability.
